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(57) Abstract 



A diffraction grating light valve modulates an incident beam of light A plurality of elongated elements each have a reflective surface. 
Tlie elongated elements are suspended with thcu" respective ends substantially coplanar. Alternate ones of die elongated elements arc 
electncally coupled for receiving a first bias voltage. The intodigitated elongated elements arc electrically coupled for mceiving a second 
bias voltage. By applying an appropriate first and second Wasing voltages, all the reflecdvc surfaces can be maintained in a first plane. 
When all the elongated dements are in die first plane, die diffraction grating light valve reflects tbt beam of Ught A predetermined group 
of the elongated elements, preferably alternate ones, arc defomiable to be substantially coplanar in a second plane which is parallel to die 
first plane. When die predetermined group of elements is in die second plane, die diffraction gradng light valve diffracts die beam of light 



Codes used to identify 
applications undo: the PCT. ' 



FOR THE PVSPOSES OF iNFORMmON ONLY 
States paiior to the PCT on die front paga of 



pamphlets publishing intcanational 



AM 


Armenia 


AT 


Austria 


AU 


Australia 


BB 


Barbados 


BE 


Belgium 


BF 


Buitina Paso 


BG 


Bulgaria 


BJ 


Benin 


BR 


Brazil 


BY 


Belarus 


CA 


Canada 


CF 


Central African Republic 


CG 


Congo 


CH 


Switzerland 


a 


C6te d'lvoirc 


CM 


Camenxm 


CN 


China 


CS 


Czechoslovalda 


CZ 


Czech Republic 


DE 


' -Gennany * • 


DK 


Denmaifc 


EE 


Esiooia . 


ES 


Spain 


n 


Finland 


FR 


France 


GA 


Gabon 



'-■<'GB 
GE 
GN 
GR 
HU 
IE 
IT 
JP 
KE 
KG 
KP 

KR 

KZ 

U 

LK 

LR 

XT 

LU 

LV 

MC 

MD 

MG 

ML 

MN 

MR 



UiSted IQagdom ' 
Geoti^ 
Gtdnea 
Greece 



Iceland 

Italy 

Japan 

Kenya 

Kyigystan 

^^onocmic People's Republic 
of Korea 

Republic of Korea 
Kazakhstan 
Uecfateoueia 
Sri Lanka 
Liberia 
Ldfanasia 
Luzembouig 
Latvia , 
Monaco , . 

l^qnblicofMoklova 

Madagascar 

Mali 

MoQgotia 
Mauritania 



MW 

MX 

NE 

NL 

NO 

NZ 

PL 

PT 

RO 

RU 



SG 
SI 
SK 
SN 
SZ 
TD 
TG 
TJ 
TT 
UA 
UG 
US 
UZ 
VN 



Maiawi 
Mexico 
Niger 

Netheriands 

Norway 

New Zealand 

Poland 

Portugal 

Romania 

Rt«sian Federation 

Sudan 

Sweden 

Singapore 

Slovenia 

Slovakia 

Senegal 

Swaziland 

Chad . 

Togo 

Tajildstan 

"Wnidad and Tobago 

Ukraine 

Uganda 

United States of America 

Uzbekistan 

Viet Nam . 



^°'''^''»217 PCT/US96/08804 

FLAT DIFFRACTION GRATING LIGHT VALVE 
Field of the invention 

This invention relates to a method of and an apparatus for modulation of a beam of 
light. More particularly, this invention is for a substantially flat reflective surface having 
selectively deformable portions for providing a diffraction grating. 

5 

Background of the Invention 

Designers and inventors have sought to develop a light modulator which can 
operate alone or together with other modulators. Such modulators should provide high 
resolution, high operating speeds (KHz frame rates), multiple gray scale levels, eg., 100 
10 levels or be compatible with the generation of color, a high contrast ratio or modulation 
depth, have optical flatness, be compatible with VLSI processing techniques, be easy to 
handle and be relatively low in cost In attempting to develop just such a system, one of 
the present inventors co-invented the method and apparatus of U.S. Patent 5,311,360 
which is incorporated in its en&ety herein by reference. 
15 Acwrding to the teachings of the '360 patent, a diffraction grating is formed of a 

multiple mirr6rea-ribl);5n structure such as shown in Figure 1. A pattern of a pluraUty of 
deformable ribbon structures 100 are formed in a spaced relationship over a substrate 102. 
• Both the ribbons ian<i the stibstrate between the ribbons are coated with a light reflective 
material 104 such as an aluminum film. The height difference that is designed between 
20 the sdface of the reflei;tive material 104 on the ribbons 100 and those on the Substrate 

102 is m when the ribbons are in a relaxed, up state. If light at a wavelengdi X impinges 
on this structure perpendicularly to the surface of the substrate 102, the reflected light 
from the surface of the ribbons 100 will be in phase with the reflected light from the 
substrate 102. This is because the light which strikes the substrate travels A/2 further than 
thej^iy^g^eribb 



25 



X. Thus, the structure appears as a flat minor when a beam of light having a wavelength 
of X impinges thereon. 

By applying appropriate voltages to the ribbons 100 and the substrate 102, the 
ribbons 100 can be made to bend toward and contact the substrate 102 as shown in Figure 
30 2. The thickiess bf the ribbons is designed to be X/4. If Ught at a wavelengdi X 

impinges on this structure perpendicularly to the surface of the substrate 102, the reflected 
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Another difficulty with the above described structure results from an artifact of the 
physical construction. In particular, the inventors have discovered that once in the down 
position, the ribbons tend to adhere to the substrate. The inventors have learned that 
texturing the surface of the substrate aids in overcoming this adhesion. Unfortunately, the 
5 textured surface substantially degrades the reflective properties of the surface. This 
degrades the performance of the light valve. 

Finally, to achieve color using the above structure, the inventors of the '360 patent 
envisioned using three distinct valve structures having distinct periodicity of spacings 
between the ribbons. This structure thereby requires a larger number of ribbons to achieve 

10 color. Further, a light source that includes red, green and blue components impinges on 
these structures to diffract the light to the desired receptors. Accordingly, the mtensity of 
the light is reduced for color. 

The '360 patent teaches an alternate structure as shown in Figure 3. According to 
this prior art structure, a plurality of elongated elements are disposed over a substrate 200. 

15 A first pluraUty of the elongated elements 202 are suspended by thefr respective ends (not 
shown) over an air gap 204 as in the embodiment of Figures 1 and 2. A second plurality 
of the elongated elements 206 are mounted to the substrate 200 via a rigid siqjport member 
208. The height of the support members 208 is designed to be A/4.. , A reflective material 
210 is formed over the sraface of all the eiongated elements 202 and 206. 

20 In dieory, the elongated elements 202 and 206 are designed to be at the same 

height when at rest. Thus, when all the elongated elements are up and at the same height 
diere will be no diffraction. (In fact there may be some modest amount of difi&action due 
to the periodic discontinuities of the gaps between elongated elements. Howevw this 
period is half the period of the grating so that it diffracts at twice the angle of the desired 

25 diffracted Ught Because the optics are configured to pick up diffracted light from only 
the d esired angle, this unwanted d iffractio n is not captured and does not degrade the 



contrast ratio.) Indeed, there wUl be no dqwndence upon the wavelength of the impinging 
light for forming a dark pixel if the elongated elements are at the same height 

In order build a structure such as shown in Figure 3, a layer must be formed of a 
30 first material having a predetermined susceptibility to a known etchant. Portions of that 
layer are removed through known techniques such as photoUthography and etching. A 
second material is then formed in the voids of the removed material such as by deposition. 

-3 - 
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-en..,bebiased.oa„e.„t^,^,^Jj^-^^^^^^^ 



10 



wo 96/41217 PCT/US96/08804 

diffraction. When all the elongated elements are in the first plane, the diffraction grating 
light valve reflects the beam of light. A predetermined group of the elongated elements, 
preferably alternate ones, are deformable to be substantially coplanar in a second plane 
which is parallel to the first plane. When the predetermined group of elements is in the 
second plane, the diffraction grating light valve diffracts the beam of light. 

Brief Description of the Dravwnes 

Figure 1 shows a cross section view of a prior art diffraction grating light valve 
wherein ribbon elements are in an up position. 

Figure 2 shows a cross section view of the prior art diffraction grating light valve 
of Figure 1 wherein the ribbon elements are in a down position. 

Figure 3 shows a cross section view of an alternate embodiment prior art 
diffraction grating light valve having a plurality of planarly anayed elongated elements, a 
portion of M*ich are siq)ported by support members. 
15 Figure 4 shows a cross section view of the diffraction grating light valve m the 

non-diffracting/up mode according to the preferred embodiment 

Figure 5 shows a cross section view of the diffraction grating light valve of Figure 

4 in the diffracting/down mode according to the preferred embodiment. 

Figure 6 shows k cross section view of ihe diffraction grating light valve of Figure 
20 4 taken through 90* and across two pixels. 

Figure 7 shows a cross section view of the diffraction grating light valve of Figure 

5 taken through 90° and across two pixels. 

Figure 8 shows a plan view of tiie diffraction grating light valve of Figure 4 and 
adjacent pixels. ■ 

25 Figure 9 is a graph showing tiie intensity of light from one of the elongated 

elements of Figure 4 relative to a voltage appUed between die elongated element and the 
substrate in the case-w^ere no bias voltage is'^phed. '. 
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Detailed De.crinri.n .u^ n,,f,^,,-^ r,..li,iilhM 

Figure 4 shows a cross section view nf th^ ^-w^ • 
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— - - - - -n,ed .o . to an:; ^^T^' 
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conducting Uyer 304 is fo™«, of in»«iai fta. Is tesij, Jl ' 
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«dfte ribbon Uyer 306. •«^'»>= «.«i«cdng layer 304 

In <* I»o»^e tl« Wng.«»i de^^^ " . 

adiac^,. elongated elen»n.s. HoweX te " v " of d,e gaps t«wee„ 

.^ong..tog.nd..ean:I^:L™r'"^°"'"'"*°'" 

^° preferred embodunent The same 
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attractive forces cause those predetermined suspended elements to deform and contact the 
conducting layer 304. In Figure 5, the two of the four suspended elements are shown in 
the down position. This causes diffraction of light reflected from adjacent elements. 

Here there is only a modest wavelength dependence for the diffiaction grating light 
valve. It is preferable that the distance between the heights of the adjacent elongated 
elements is m. However, if the throw is optimized for green light, the losses due to 
changing the wavelength to red or blue is on the order of 5%. This is partly due to the 
fact that the intensity of collected light varies as a sine-squared function of the wavelength. 
Thus, smaU changes m wavelength will only have small changes in received intensity. 
Additionally, the ability to make a device that moves X/4 is easier than in the .prior art. 
There, the m difference comprises a combination of the spacer thickness and the 
elongated element thickness. This required very tight manufacturing tolerances for two 
layers. Here, the thickness of the air gap detennines the wavelength conformance of the 
design; the elongated element can be any thickness. The air gap is preferably formed by 
15 removing a sacrificial oxide. Because oxide formation is weU characterized under many 
easily controUable conditidns, it is a routine matter to manufacture spacers of the correct 
dimension. It will be understood that the thickness of the ak gap will be adjusted and 
controUed by the appUcation of voltages to the ribbon or underlying conductor during 
normal operation of the deviiib? ' ' 

It is also possible to iniclude a light saisor in an apparatus incorporating flie 
dif&action grating light valve of the present invention. The sensor measures the diffiacted 
light and adjusts the bias voltage (described below) in to maximize the sensed diffracted 
UghL In this way the sensor and bias voltage adjusting circuit can drive the elongated 
elements that are still in the up position to maintain a precise X/4 relatibnship even though 
25 the wavelength of the Ught source is changed. 

Because the los ses for such mo dest wavelength changes are small there will only be 



20 



a small impact on the contrast ratio because in the dark state, the optical system collrctT 
essentially zero Ught. In an ideal system, where 100% of the light is coUected in the on 
state and zero light is collected in the off state the contrast ratio is oo (indeed, any number 
30 divided by zero is to). Even modest degradation in the dark state dramaticaUy effects the 
contrast ratio. For example, if only 5% of unwanted light is coUected in the dark state 
while still 100% of the light is collected in the on state reduces the contrast ratio from « 
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to about 20. If on the other hand, the dark state cnnf 

Becau« of tte relaUve wavelengft ^dependence of tte <Iiffl«.„ 
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Figure 8 shows a plan view of the diffraction grating light valve of Figure 4 and 
adjacent pixels. Six pixels 320 are shown in the drawing of Figure 8. It will be 
appreciated that this limited number of pixels is schematic only. A diffraction grating 
light valve according to the present invention for a commercially viable display will 
include at least the number of pixels presently available with other types of display 
technologies. Thus, for a commercial diffraction grating light valve there will be many 
more than two con ducting layers 304 and many more ribbons 318 than are shown. For 
example, one commercially available display includes 1024 rows and 1280 columns of 
pixels. In addition to the pixels, I/O port bonding pads 326 for coupling electric signals to 
the ribbons 318 are also shown. 

Each pixel 320 includes four adjacent ribbons 318. One set 322 of alternating 
ribbons 318 are coupled to a biasing bus 324. Indeed, two alternating ribbons for each 
one of the pixels are coupled to the biasing bus 324. The other two ribbons in the pixel 
320 are coupled to receive a control voltage from the bond pad 326A. Preferably the 
biasing bus 324 is formed at the same time as the conducting layer 304. 

The angle the Ught is ^eflected is determined by the width of the ribbons 318 and 
the spacing between adjacent ribbons. Because alternate ribbons are toggled in the 
preferred embodiment, the period is defined by two adjacent ribbons. In the preferred 
embodiment, the ribbons are 3.5 microns wide ^d the space between adjacent ribbons is 
1.5 microns. Thus, the period of the structure is 10 microns. It , will be appreciated that 
the space between the ribbons causes light to be lost It is preferable that the space be 
minimized relative to the width of the ribbons. 

Figure 9 is a graph showmg the mtensity of Ught from a display structure of two 
pairs of elongated elements of Figure 4 relative to a voltage applied between an elongated 
element and the substrate in the case where alternate lines are not biased. The elongated 
elements exhibit a hysteresis. The elongated element begins to bend slightly as the voltage 
is mcreased as-exhibitM byM^ihclease^iiTlipriiu^ 

elongated element snaps down into contact with the conductive layer. The voltage can 
then be reduced below that level and the elongated element will remain in the down 
position. At some lower voltage V^J, the elongated element will relax and return to the up 
position. 



wo 96/41217 

PCT/US96/08804 

Tie voltage V„ necessary .o cause a„ elongated elemen. .„ snap i„,„ u,e dov™ 
POSUton ,s . ..c ..ge of .0 vo>.s DC. Depending upon U,e ^^J^, ^ 

and .a,. ...esses used .0 «a snc. devices i. is possible J^:^, 
could range Significantly above and below that value In th. ^ . 

:rer:d^e::n::::::;::r-"^^^^ 

- .e p.e. .0. .0. .s d^:. r::: : tr::: 

In one addressing scheme, the bias voltage V r ^ ^- 

.pp.^ V. ... ..d pad 3.. 2::::irn:T^: 

^.fcn«. „Min,en. ev.„ other *b„n U pem«„e„t„ coupled .„ ^ , 
T^e™,^eon.e.«pective..terdigi.a.edH.W.isc^^ 

nbbons to snap down or relax up. "jx; mose 

9 If a.'^rr"*^ "'"^^ - ^Vs - ^wn i. Fign. 

m fte row connected .0 that bond pad ,™u,d toggU do™ to the diflracting state 

^""^^-PPM .0 the conlngV «. 
labCe^ 304 to sh6w *e correspondence to Figures 4-7). aU the ribbons of aU I 

<iark. To provide addressmg of the pixel 320. the voltage AV3/2 is added to ft. Iv. . . 
and d« voltage .V^ is subtracted fro„ the conLn; 

CTT": " """^ ""^^^ cause tllL .0 

toggle d^™ but the combioadcn of both do cause *e ribbons to toggie do™ 

once the ..V^ and -.V^ a. rentoved, the ribbons that were toggled into the 
^own pos. 0. V.,, ren^in down due .0 d.e inherent hysteresis of the Hbbo^ IZtf 
^= o^stte polanty is applied ac.ss the satne elentents. To avoid erasing an 
or colunn. at once, a sh^le pixel 3.0 can be erased by appropriately applylg ZZ 
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the row and column with the opposite polarity used to toggle the pixel 320 down. As 
described above, other combinations of voltages can be used to erase a pixel 320. 

In the preferred embodiment, a row of data is set up and then toggled into the row. 
If the conducting layers 304 comprise the columns, the data is placed onto the columns by 
appropriately coupling -AVs/2 to all the columns wherein the pixels are desired to be 
bright. Even though all the ribbons for all the pixels in each such columns will move 
slightly as a result of this change in voltage, there will be no change in the image 
displayed because these ribbons remain coplanar. Thus, the ribbons move common mode 
so there is common mode rejection of any such changes. In other words, because the 
electrostatic attractive force is equally applied to aU the elongated elements in a row those 
ribbons move together and unwanted diffraction is prevented. It will be understood that in 
fact, the reflective surfaces are not precisely within a single plane due to the fact that a 
modest sag is induced along the elongated element. Nevertheless, all corresponding points 
along adjacent elongated elements wUl be biased to an essentiaUy identical height which 
effectively prevents diffraction. The voltage on the bond pads coiq)led to ribbons that 
move in the desired row is then raised from to (V^ + A Vj/2) and all the appropriate 
pixels will be toggled. If on the other hand, the data were set up on the ribbons and then 
toggled in with the underlying conductmg layer, the display would twinkle in response to 
the AVs/2 being selectively applied to predetermined ones of the ribbons. 

The present invention has been described relative to a preferred embodiment. 
Improvements or modifications that become apparent to persons of ordinary skUl in the art 
only after reading this disclosure are deemed within the spirit and scope of the application. 
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CLAIMS 

What is claimed is: 



1. 



A modular, for „,odula,i„g a„ incid». beam of ligh, co„,p,i™g- 

a. a pluralie. of elongated elements, each elemcn, having a first end , . 

and a Oght re^eotive .nrface, therein the .11:2 ^LlZlT 
Sroup and a second group such that the Cements of the ftrs. ^ 
mterdigitated with the elements of the second eroun th. . 
parallel to each other; ' '^'"^"^ ^^^^ 

b. means for suspending the elements of the first oroun anH ti, 

ends; ^ ^ """^ second group by their 

c. means for applying a first bias voltage to the first aronn . a 

s-.^vo,.eto.eseoond.upsuehrr:„i::::r-^^ 



10 

--^cop^andh.a«.stp,anes„chU.,.,,^^„„;^ 



^2 reflected; and 

13 
14 



d. means for sdecUvely deflecting the Cements of the first group petpendicular to «.e 
Plane to a second plane which is paraUC to the first plane suchZhe il^l 
beam Of hght is diffracted. 'me incident 



5. The modulator according to claim 1 wherein the elements do not lie in th. r . 
plane when the first bias voltage is removed. ^ ^''^ 
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1 6. A flat diffraction grating light valve for modulating comprising: 

2 a. a substrate; 

3 b. a plurality of elongated elements each having two ends, including means for 

4 suspending the elements in a parallel relationship by the ends over the substrate; 

5 c. a light reflective material formed over each element and away from the substrate; 

6 d. means for applying a biasing voltage to maintain the elongated elements in a single 

7 first plane for reflecting an incident beam of light; and 

8 e. means for selectively moving the a predetermined collection of the elongated 

9 elements to a second plane that is parallel to the first plane for diffracting the beam 
10 of light 

1 7. The modulator according to claim 6 wherein adjacent elements are spaced from one 

2 another by a gap such that the extent of each reflective surface is larger than each gap. 

1 8. The modulator according to claim 6 wherein the second plane is approximately A/4 

2 from the first plane, v/bsre X is the wavelength of the bean of light. 

1 9. The modulator according to claim 6 wherein the elements do not lie in the first 

2 plane when the first bias voltage is removed. 

1 10. A modulator for modulating an incident beam of light comprising: 

2 a. a plurality of equally spaced apart elements, each includmg a light reflective planar 

3 surface, the elements being arranged parallel to each other .with each Hght reflective 

4 surface lying in a first plane wherein the modulator reflects the incident beam of 

5 light; 

6 b. means for moving all the elements to a second plane such that all elements lie in a 
^ second^ane whefeih~the modulatoTalsb reflects theincident beam of light; 

8 c. means for moving predetermined ones of the elements to a third plane parallel to 

9 the second plane v^iierein the modulator diffracts the incident beam of light. 

1 11. The modulator according to claim 10 wherein the means for moving comprises 

2 generation of electrostatic attraction. 
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='em»t, a„ al«rm>ely disposMam„,,gs, all te. teems. '"""f*' 

13. Tie modulator according to claim 12 .>.. j 
elemeat. are electricall, co J ....^er. 

14. The modulator according to claim 13 wherein th^ i . 



15. The modulator according to claim 13 wherein th^ -i 



16. The modulator according to claim 15 further 

bias in response thereto. 



18. A digital display system for displaying an image comprising- 

a. a plurality of pixels, each pixel for displaying a Dortion nf • 

Pixels are am.no.H- . ^ * J^^*?'^ of % unage, wherein the 

pixels are arranged m an array havine a niiM^i;*,. r 

(!) a Plur-ity of elo,^ ^ ha™, a e.^ an, , 

a a« ^t, and a .ec™.d group auch 1., elements of the 6,^1" 

the elemen. of the «cond ^, ^ ^ 
arranged paraUel to each other; and 

(2) o^ for «g tke element „f ^ ^rs. group and dte second group 
over a substrate by their ends; ^ 

|2 b. --^forelectricallycouplingaUtheelongatedelementsofthefirst. • u 

13 row together; the first group m each 
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14 c. means for electrically coupling all the elongated elements of the second group in 

15 each row together; 

16 d. means for applying a first bias voltage to the first group and means for applying a 

1 7 second bias voltage to the second group such that the reflective surfaces are 

1 8 substantially coplanar and in a first plane such that the incident beam of light is 

19 reflected; and 

20 e. means for selectively deflecting the elements of the first group perpendicular to the 

21 plane to a second plane which is parallel to the first plane such that the incident 

22 beam of light is diffracted. 

1 19. The apparatus according to claim 18 wherein the means for selectively deflectmg 

2 the elements of the first group comprises a conductive layer mounted to the substrate and 

3 under all the elongated elements in a column. 
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